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SDIQU&T 


Exocytoclc  ascratlon  of  catecholaaines  froa  bovine  adrenal  aedullary 
cells  In  culture  was  exaained  by  aaperonetry  with  l*iMa  radius  carbon* fiber 
electrodes.  Secretion  is  observed  as  a  series  of  current  spikes  %fhich 
originate  froa  a  single  cell  upon  exposure  to  a  secretagogue .  The  saall  size 
of  the  electrodes  was  exploited  to  detect  and  aap  exocytotlc  release  sites  on 
the  surface  of  bovine  adrenal  aedullary  cells.  The  release  sites  are 
spatially  stable  on  a  tiae-scale  of  15  ainutes.  These  quantitative  stiidies 
reveal  for  the  first  tiae  that  release  sites  are  spatially  localized  on 
endocrine  cells  in  culture.  Confocal  Microscopy  experiaents  which 
fluoreseently  aonitor  the  deposition  of  dopeaine-^ -hydroxylase  (D^H)  froa  the 
vesicular  aeabrane  into  the  plasaa  aeabrane  during  exocytosis  verify  the 
existence  of  zones  of  exocytotie  activi^  and  inactivity  on  the  surface  of  the 
cell.  Measureaent  of  coincident  spikes  with  two  adjacent  electrodes  has 
allowed  the  spatial  resolution  of  the  electrodes  to  be  defined. 

Microelectrodes  with  radii  of  approxiutely  2.5  pa  detect  only  spikes 
resulting  froa  exocytotie  events  occurring  within  2  pa  of  the  projected 
circuaference  of  the  electrode  on  the  surface  of  the  cell.  In  such  a  saall 
saapling  doaain,  point-source  release  and  diffusional  broadening  would  result 
in  narrow  spikes,  all  with  siailar  tx/x  values  (Schroeder,  et  al.  1992),  a 
feature  not  seen  in  the  data.  Thus  for  bovine  adrenal  aedullary  cells, 
release  following  exocytotie  fusion  is  not  instantaneous,  but  is  a  dynaaic 
event  occurring  over  several  ailliseconds.  It  therefore  follows  that  the 
exocytotie  release  of  eateeholaaine  and/or  transport  to  the  electrode  is 
governed  by  a  process  that  is  slower  than  diffusion. 
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IHTtODUCTIOH 

M«urona  hav«  sp«clallx«d  alt**  or  activa  zonaa  trhara  axocytoala  occura 
(Hauaar  and  Raaaa.  1977).  Thaaa  zonaa  ara  charaetarlzad  by  a  high  local 
concantraCion  of  Intracallular  vaaiclaa  and  a  apaciallzad  presynaptlc  region, 
aa  wall  aa  apaciallzad  poataynaptic  ragiona  on  adjacant  calla  (Valrond  and 
Raaaa,  1985).  Thaaa  ragiona  ara  of  Incaraat  bacauaa  they  ouac  contain  tha 
blochaaical  coaponanta  which  ara  nacaaaary  for  axocytoaia.  For  axaapla,  the 
danaicy  of  calelua  channala  in  naurona  haa  baan  ahotm  to  ba  high  at  activa 
zonaa  (Auguaelna  at  al..  1989;  Adlar  at  al.,  1991).  Laaa  inforaation  ia 
available  concamlng  apaclflc  ralaaaa  altaa  In  endocrine,  exocrine  and  other 
calla  with  a  ragulatad  aacratory  pathway.  Secretory  calla  ara  often  polarized 
with  ragulatad  aacratlon  oriented  to  a  luaan  aa  with  pancreatic  acinar  calla 
or  to  blood  vaaaala  aa  with  adrenal  aodullary  calla.  However,  tha  praclaa 
localization  of  ralaaaa  altaa  on  tha  coll  aurfaca  of  non-nauronal  calla  haa 
not  baan  daaonatratad.  FUrthanaora ,  nalntananca  of  prlaary  calla  In  tlaaua 
cultura  nay  altar  tha  orlantatlon  and  localization  of  ralaaaa  altaa  in  calla. 
Prior  atudlaa  ualng  antl-dopaalna*^-hydroxylaaa  antlbodlaa  to  nark  axocytotlc 
altaa  on  cultured  adrenal  chronaffln  calla  auggaat  that  tha  altaa  are  randoaly 
located  acroaa  tha  aurfaca  (Haakath  at  al.,  1981;  Fhllllpa  at  al.,  1983).  Tha 
praaant  attuty  axtanda  thaaa  early  flndlnga  with  two  new,  hlgih-reaolutlon 
tachniquaa  that  daaonatrata  that  ralaaaa  altaa  of  aavaral  alcrona  or  laaa 
axlat  on  bovlna  adrenal  chronaffln  calla  aalntainad  In  prlaary  cultura. 

Pravloua  work  haa  ahown  that  earbon>flbar  alcroalactrodaa  can  ba  uaad  aa 
aanaora  for  real  tlaa  detection  of  axocytotlc  ralaaaa  of  tha  catacholaalnaa , 
aplnaphrlna  and  noraplnephrlna ,  froa  alngla  bovine  adrenal  aadullary  calla 
(Laazezyazyn  at  al..  1990,  1991;  Vlghtaan  at  al.,  1991;  Kawagoa  at  al.,  1991; 
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Clolkowskl  tt  «1.,  1991;  Chow  ot  «!.,  1992;  Jankowski  at  al..  1992;  Schroadar 
at  al.,  1992;  Jankowski  ft  al.,  1993).  Most  pravious  raports  hava  aoployad 
carbon  flbars  with  diaaatars  of  10  pa  or  graatar,  and  thus  tha  sisa  of  tha 
alactroda  approachas  tha  aiza  of  tha  biological  call.  Howavar,  tha 
davalopaant  of  alactrodes  with  aicron  (Kawagoa,  at  al.,  1991)  or  snallar 
diaaatars  (Strain,  at  al,  1991)  providas  tha  opportvinity  to  proba  tha  call 
surfaca  for  tha  axistanca  of  localizad  ragion  froa  which  ralaasa  occurs.  As 
shown  in  this  work,  thasa  alactrodas  ravaal  tha  axistanca  of  activa  and 
inactiwa  ralaasa  zonas.  High  rasolution  confocal  aicroscopic  fluorascant 
iaagaa  of  axocytotically  dapositad  D0H  in  tha  call  nanbrana  also  ravaal  zonas 
of  ralaasa  which  ara  of  siailar  diaansions  to  thosa  ravaalad  by  tha  dynaaic 
alactrochaaical  aeasuraaants . 


IZPEUXEHTAL  PEOCEOUUS 

llttctrod*  Coiutmctlaa.  A  slngl*  carbon  flbor  (S>/mi  radius,  Thomall  P> 
55,  Amoco  Corp.,  Graanvllla,  SC)  was  aspiratad  into  a  ■icrofllaoant  capillary 
(A-M  Systaas,  Inc.,  Evaratt,  VA) .  Tha  glass  was  drawn  around  tha  fibar  with  a 
■icropipat  pullar  (Narishiga,  Tokyo.  Japan).  Tha  axposad  portion  of  tha 
carbon  fibar  was  cut  with  a  scalpal  leaving  a  length  of  approxinately  100-500 
im  extending  beyond  tha  tip.  This  was  passed  through  the  base  of  an  air- 
■athana  flaaa  (Strain,  at  al.;  1992)  resulting  in  a  carbon  cone  of  50-200  pa 
length  with  a  sub-aieron  radius  at  tha  and  of  the  fibar. 

Electrical  connection  with  tha  carbon  fibar  was  obtained  by  back-filling 
tha  glass  capillaries  with  colloidal  carbon  (Polysciances ,  Inc.,  Warrington, 
PA)  and  inserting  a  ehroaal  wlra  in  tha  open  and  of  tha  capillary.  An 
insiilatlng  layer  of  poly(oxyphaiqrlana)  was  alaetroehaalcally  deposited  on  tha 
axposad  carbon  surface  (Kawagoa,  at  al.,  1991).  This  was  accoaplished  by 
oxidation  of  90  aH  2-allylphaiiol,  90  aM  allylaaina,  and  2X  2-butoxyathanol 
(V/V)  in  1:1  <V:V)  watar-aathanol  for  5  to  10  ainutas  with  a  potential  of  -fA 
volta  applied  to  tha  carbon  fiber.  Tha  thickness  of  the  insulating  fila  is 
astiaatad  to  be  1  pa  (Strain  at  al.,  1991).  Tha  fibers  ware  than  iaaadiataly 

a 

rinsed  with  distilled  water  and  cured  at  150*  C  for  30  •  60  ainutas. 

Insulation  was  raaovad  froa  tha  tip  of  tha  etched  alactroda  by  polishing  for  5 
s  on  a  aicropipat  bavalar  (Modal  BV-10,  Sutter  Instruaant  Co.,  Novato,  CA)  at 
an  angle  of  approxiaately  45* .  The  electrodes  ware  rinsed  with  distilled 
water  and  soaked  in  isopropanol  for  10-30  ainutas. 

Estiaates  of  the  tip  radius  were  aade  alectrocheaically.  Under  steady- 
state  conditions  the  liaiting  current  (i)  at  a  aicroalectroda  is  given  by: 
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i  »  AnFDCr 


(1) 


wh«r«  n  is  th«  nuobsr  of  oloctrona  por  aolo  (n  -  2  for  estocholaalnoa) ,  F  la 
Faraday’s  constant  (96,485  coulonbs/aquivalsnt) .  D  Ij  ths  fras  solution 
diffusion  coafficiant  of  catacholaaina  (6  x  10~*  ca^/s),  C  is  tha 
coneantration  of  catacholaaina  in  tha  solution,  and  r  is  tha  radius  of  the 
alactroda.  For  an  alliptical  alactroda  as  in  this  csss  tha  radius  dataralnad 
alactrochaaically  is  tha  avaraga  of  tha  aajor  and  ainor  radii  (Xally  at  al., 
1986) .  Fallura  to  achiava  a  valua  of  r  consistant  with  aaasuraaant  by  optical 
aicroscopy  was  takan  to  aaan  that  tha  polyaar  insulation  was  not  intact.  Such 
alactrodas  wars  discarded. 

Aaparoaatry  aqiloyad  a  potantiostat  (EI-400,  Enssuui  Instruaantation, 
Blooalngton,  IN)  oparatad  in  tha  thraa*alactroda  aoda.  Tha  rafaranca 
alactroda  was  a  salina  saturatad  ealosMil  alactroda  (SSCE),  and  tha  auxiliary 
alactroda  was  a  26* gauge  chroaal  wire.  Tha  potential  of  tha  working  alactroda 
was  held  at  0.65  V  versus  SSCE.  Electrode  sensitivity  was  datarainad  bafora 
and  after  each  axparinant  with  100  apinaphrino.  Tha  output  signal  was 
filtarad  at  16  kHz,  digitizad  with  a  VCBL  adaptor  (Modal  P(at-2,  Medical  Systens 
(^rp . ,  Graanvilla ,  NY)  and  recorded  on  videotape . 

Slngla-Call  Sacratlon  Exparlnsnts.  Prlaary  cultures  of  bovine  adrenal 
■edullary  calls  ware  prepared  fron  fresh  tissue  (Lsszczyszyn,  at  al;  1990). 

Tha  cells  ware  enriched  in  epinephrine  and  cultured  as  previously  described  at 
a  density  of  6  x  lO’  calls  par  35<aBi  dianatar  plate  (Laszczyszyn,  at  al; 

1990).  Exparinants  ware  parfomad  at  rooa  tanperatura  (23.0*  ±0.1*  C) 
between  days  4  and  10  of  culture. 

For  tha  exparinants  which  aaployad  Ba^  as  tha  sacra tagogua ,  tha  culture 
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Mdia  VMM  replaced  with  a  solution  containing  154  nM  NaCl,  4.2  oM  KCl,  11.2  oM 
glucose,  0.7  aH  HgClj.  and  10  aM  HEPES  (pH  7.4).  Sodiua  phosphate  was  not 
eaployed  to  prevent  precipitation  of  Ba3(P04)2.  In  the  pipet  solution 
containing  2  aM  Ba^'*'.  the  concentration  of  NaCl  in  the  puffer  solution  was 
decreased  by  4  aN  to  aaintain  a  constant  ionic  strength.  For  experiaents  with 
K*’  or  nicotine  as  secratagogues ,  the  bath  solution  also  contained  1.0  aM 
NajHPO^  and  2  aM  CaCl].  When  60  aM  K*'  was  used  to  stiaulate  the  cell,  the 
concentration  of  NaCl  in  the  piiffer  solution  was  decreased  to  90  aM.  Nicotine 
puffer  solutions  contained  100  mM  nicotine  dissolved  in  the  bath  solution. 

Secratagogues  were  applied  to  the  cells  with  pressure  ejection 
(Plcosprltzer.  General  Valve  Corp.,  Fairfield,  NJ)  froa  aleropipettes  (mlO-fm 
outside  tip  dlaaeter) .  The  alcroplpette  was  positioned  40*50  im  froa  the  cell 
surface  and  at  an  angle  of  approxlsMtely  80*  with  respect  to  the  flaae*etched 
electrodes.  Typical  ejection  pressures  were  5-10  psi. 

The  culture  plates  were  viewed  with  an  Inverted- stage  alcroscope 
(Axlovert  35,  Zeiss,  Thomwood,  NY).  The  flaae-etched  carbon- fiber 
alcroelectrodes ,  with  the  exposed  surface  parallel  to  the  cell  plate,  were 
positioned  above  a  single  cell  with  a  piezoelectric  device  (PCS-2S0  Patch 
Claap  Driver,  Burleigh  Inatruaents,  Fishers,  NY).  The  electrode-call  spacing 
was  deteralned  by  lowering  the  electrode  onto  the  cell  until  the  cell  aeabrane 
was  visually,  elastically  deforaed.  The  electrode  was  then  raised  and  lowered 
In  saall  Inereswnts  to  deteralna  the  position  at  which  the  cell  aaid>rano  just 
began  to  be  deforaed.  This  location  was  defined  as  the  cell  surface.  The 
electrode  was  then  raised  to  the  desired  position  above  the  cell.  The  two 
electrodes  were  positioned  at  an  angle  of  approxlaately  160*  apart  ralatlve  to 
each  other  (see  Figure  1). 


of  Colneldont  8plk«a.  Racordad  data  vara  raplayad  through  an 
aighth'ordar,  low-pass  (400  Hz)  flltar  (CybarAap  320,  Axon  Instruaents,  Foster 
City,  CA),  digitized  at  a  rata  of  1  as/polnt  via  a  cooBBarclally  available 
software  package  (Axotapa,  Axon  Instzwaants,  Foster  City,  CA) ,  and  stored  on 
the  hard-drive  of  a  PC  coapatlbla  coaputar.  Locally  written  software  was  used 
to  reaova  residual  60  Hz  noise,  locate  spikes,  and  extract  their 
characteristics:  peak  aaplltude,  half-width,  area,  half-rise  tlae,  aaxlaua 
current  tlae,  onset  tlae,  and  ending  tlae.  A  signal  was  designated  as  a  spike 
If  the  aaplltude  was  greater  than  five  tlaes  the  value  of  the  ms  noise 
aeasured  over  a  baseline  of  83  as. 

Coafoeal  Microscopy.  Chroaaffln  cells  were  Incubated  In  physiological 
salt  solution  (PSS,  145  aM  NaCl,  5.6  sM  KCl,  0.5  aM  MgCls.  15  sM  HEPES,  pH  7.4 
and  5  Bg/al  BSA)  containing  either  2.2  aM  CaClj  (FIGURE  7a)  or  1  aH  BaCl^ 
(FIGURE  7b,  7c)  at  25*  C.  After  9  alnutea,  the  solutions  were  reaoved  and 
replaced  with  PSS  with  2.2  aM  CaCl]  at  4*  C  to  stop  exoeytosls.  Cells  were 
Incubated  for  1.5  hours  In  the  cold  with  goat  antl-D^  antlserua  (1:1500 
dilution  In  PSS  with  2.2  aM  CaCl2),  fixed  for  10  alnutes  with  4Z 
paraforaaldehyde  (In  divalent  Ion-free  PBS),  quenched  with  50  aM  NH^Cl  (in 
divalent  Ion- free  PBS  with  O.IZ  gelatin),  and  then  Incubated  for  1  hour  with 
swine  anti-goat,  FITC-IgO  (1:50,  Boohrlnger-Manxthela,  In  divalent  Ion-free  PBS 
with  O.IZ  gelatin).  The  fluorescence  was  Investigated  with  a  BloRad  MRC600 
Laser  Scanning  Confocal  Microscope  with  a  lOOX  objective  (nuaerical  aperture 
1.4).  The  optical  section  thickness  was  estlaated  to  be  0.7  pa  froa  the  point 
spread  function  of  the  Intensity  In  the  Z  axis  created  by  a  fluorescent  0.1  pa 
dlaaater  bead. 

Reagents.  The  culture  aedlua,  Oulbecco's  Modified  Eagle's  Mediua/Haa's 
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F12  Itedivoi,  VM  obtained  froa  Gibco  Laboratorlea  (Grand  Island,  NY). 
Collagenasa  (Typo  I)  for  digestion  of  glands  was  obtained  froa  Vorthlngton 
Cheaieals  (Freehold,  NJ) .  Renografln-60  was  purchased  froa  Squibb  Diagnostics 
(New  Brunswick,  NJ).  All  ocher  cheaieals  were  reagent  grade  froa  Sigma  (St. 
Louis,  MO),  and  solutions  ware  prepared  with  doubly  distilled  water. 
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RESULTS 


Surfaca  Saparatlon  of  Exocytotie  Sitas.  Tha  small  slza  of  flama-atched 
carbon-fiber  mlcroelectrodea  radius)  should  provide  an  Increased 

spatial  resolution  In  the  detection  of  release  sites  et  Individual  biological 
calls  compared  to  the  carbon-fiber  mlcroelee trades  (S-^m  radius)  that  have 
been  used  predominantly  In  prior  work.  In  Initial  experiments,  several  cells 
appeared  not  to  release  catecholamine  upon  stimulation  %>hen  monitored  with  a 
flame-etched  electrode.  Yet.  %fhen  a  larger  electrode  was  placed  adjacent  to 
the  same  cell,  release  was  detected  In  the  form  of  current  spikes.  This 
suggested  the  existence  of  active  and  Inactive  release  zones  at  the  surface  of 
these  calls.  This  phenomena  was  examined  In  fourteen  cells.  In  which  eight  of 
them  displayed  zones  which  did  not  exhibit  exocytosls.  In  this  work  was 
employed  as  a  secretagogue  since  It  causes  continuous  release  for  several 
minutes.  As  shown  In  FIGURE  1  and  FIGURE  2,  the  detection  of  release  Induced 
by  Ba^*  was  dependent  on  the  specific  position  of  the  electrode  above  the  cell 
surface . 

In  the  experiment  shown  In  FIGURE  1,  two  electrodes  (radii  of  0.9  and 
1.1  im,  respectively,  for  electrodes  ”A"  and  "B”)  were  Initially  located  above 
the  top  of  the  cell  with  the  electrodes  approximately  2  /im  apart.  Before 
stimulation  neither  electrode  exhibited  release  (see  the  first  portion  of 
FIGURE  1).  When  the  cell  was  exposed  to  Ba^'*’  by  a  5-s  pressure  ejection 
(denoted  by  the  arrow),  small  asqplltude.  Infrequent  spikes  were  seen  at  each 
electrode.  Electrode  *A*  was  then  moved  to  a  region  near  the  perimeter  of  the 
cell.  Spikes  were  still  occurring  as  a  result  of  the  prior  Ba^*  exposure. 
Reexposure  of  the  cell  to  Ba^'*'  (second  arrows  Figure  1)  resulted  In  low 
aaqtlloide  spikes  monitored  by  electrode  ”B”,  similar  to  the  first  stimulation, 


vh«r«M  tha  ralaase  froa  th«  cell  region  aonitored  by  electrode  ”A"  Increased 
in  aaplltude  end  frequency  relative  to  that  obtained  at  Its  prior  location. 


Next,  electrode  "B"  was  moved  froa  the  top  of  the  cell  and  positioned 
near  the  perimeter  of  the  cell,  but  on  the  opposite  side  from  electrode  ”A" . 
Uhlle  release  monitored  by  electrode  *A*  remained  vigorous,  the  frequency  of 
spikes  detected  with  electrode  "B*  was  low  (third  portion  of  FIGURE  1).  Thus, 
at  this  cell,  release  sites  are  not  uniformly  distributed  around  the 
perimeter.  When  electrode  "B”  was  positioned  adjacent  to  electrode  "A"  and 
the  cell  was  restlmulated  with  Ba^*^  (denoted  by  the  arrow  In  the  fourth 
portion  of  FIGURE  1),  both  electrodes  swnitored  robust  release  characterized 
by  the  detection  of  many  spikes  froa  this  portion  of  the  cell. 

Finally,  electrode  "A*  was  aoved  to  a  different  site  on  the  perimeter  of 
the  cell  (last  portion,  FIGURE  1).  Although  spikes  were  still  recorded  at 
electrode  *B*  as  a  result  of  the  prior  exposure  to  barium,  at  the  new  position 
of  electrode  "A",  the  activity  aonitored  was  negligible.  Restlaulatlon  of  the 
cell  with  Ba^'*^  (denoted  by  the  last  arrows)  yielded  large  amplitude,  high 
frequency  spikes  at  electrode  "B”,  but  little  activity  at  electrode  ”A". 

Thus,  these  experlaents  reveal  that  this  coll  had  at  least  one  zone  of  active 
release  near  the  perimeter  of  the  cell,  ^lle  the  other  regions  of  the  cell 
surface  examined  did  not  exhibit  exocytosis. 

An  experiment  with  the  same  electrodes  at  a  different  cell  Is  shown  In 
FIGURE  2.  Initially  both  electrodes  were  positioned  directly  above  the  top  of 
the  cell  with  the  outside  Insulation  of  the  two  electrodes  physically  In 
contact.  Neither  electrode  detected  any  release  froa  the  cell  (first  portion 
of  FIGURE  2)  until  a  5-s  exposure  to  Ba^'^  (arrows  In  the  first  portion  of 
FIGURE  2)  which  caused  spikes  of  relatively  large  amplitude  at  both 
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•Icctrod**.  As  rslssss  continusd.  elsctrods  "A”  wss  oovsd  to  s  region  near 
the  perioater  of  the  cell.  The  spikes  detected  by  electrode  "B"  continued, 
but  the  release  detected  by  electrode  ”A"  decreased  (second  portion  of  FIGURE 
2),  and  reexpoaure  to  Ba^*^  did  not  increase  release. 

When  electrode  *A"  vas  noved  toward  the  top  of  the  cell  (2  fim  from 
electrode  "B")  and  the  cell  was  restiaulated  with  Ba^*^  (denoted  by  the  arrow 
in  Che  third  portion  of  FIGURE  2) ,  release  from  the  cell  region  monitored  by 
electrode  "B*  remained  robust,  while  the  released  spikes  detected  by  electrode 
"A*  were  low  amplitude  and  infrequent  (third  portion  of  FICHJRE  2).  However, 
when  electrode  "A"  was  positioned  at  its  initial  location  (couching  the  ocher 
electrode) ,  reatimulation  of  Che  cell  with  Ba^  (arrows  in  the  fourth  portion 
of  FIGURE  2),  induced  vigorotis  release  to  be  monitored  by  both  electrodes. 
Thtis,  this  cell  displayed  an  active  zone  for  release  near  the  Cop  of  the  cell. 

Another  experiment  with  similar  sized  electrodes  at  a  different  cell  is 
shown  in  FIGURE  3.  Initially  electrode  ”A"  was  positioned  directly  above  the 
top  of  the  cell  and  electrode  "B”  was  positioned  near  the  perimeter  of  the 
cell.  Neither  electrode  detected  any  release  from  the  cell  (not  shown)  until 
a  5-s  exposure  to  100  pM  nicotine  (arrows  in  the  first  portion  of  FIGURE  3) 
which  caused  spikes  of  relatively  large  amplitude  at  electrode  "A”  while 
electrode  *B*  detected  infrequent  small  amplitude  spikes. 

When  electrode  ”A*  was  sMved  toward  the  perimeter  of  the  cell  and 
electrode  ”B"  vas  positioned  over  the  top  of  the  cell,  the  cell  vas 
restimulated  vlth  100  pN  nicotine  (denoted  by  the  arrows  in  the  second  portion 
of  FIGURE  3) .  Release  from  the  cell  region  monitored  by  electrode  "B*  became 
robtist,  while  the  released  spikes  detected  by  electrode  "A”  were  low  amplitude 
and  infrequent  (second  portion  of  FIGURE  3).  However,  when  electrode  "A”  was 
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poslcloiwd  at  Ita  Initial  location  (touching  tha  other  electrode), 
reatiaulation  of  the  cell  with  100  pM  nicotine  (arrows  in  the  third  portion  of 
FIGURE  3),  indiiced  vigorous  release  to  be  aonltored  by  both  electrodes.  Thus, 
this  cell  displayed  an  active  zone  for  release  near  the  top  of  the  cell. 

Slvultaneous  Detection  of  the  Sane  Spikes.  An  estlowte  of  the  spatial 
resolution  of  an  aaperoaetrlc  electrode  was  obtained  by  placing  two  flaae* 
etched  electrodes  (radii  of  2.6  and  2.7  im,  respectively,  for  electrodes  "A” 
and  ”B”)  adjacent  to  a  cell  and  searching  for  the  detection  of  the  same 
release  event  at  each  electrode  while  varying  the  distance  between  them  (the 
geometry  Is  shown  In  FIGURE  4a) .  Larger  electrodes  were  used  In  this  study  to 
make  detection  of  spikes  more  likely  and  to  eliminate  the  possibility  of 
Inactive  zones  of  release  Interfering  with  the  experiment.  We  designate 
spikes  to  correspond  to  the  same  exocytotlc  event  at  the  cell  surface  If  they 
meet  the  following  criteria.  First,  the  difference  in  onset  time  of  two 
spikes  detected  with  different  electrodes  (denoted  as  Ato.  FIGURE  5)  must  be 
less  than  the  time  required  for  the  molecules  to  diffuse  to  each  electrode. 
This  depends  on  the  difference  in  distance  (Al)  from  the  release  site  to  each 
electrode  (Ato  ~  AlV^  0).  Because  the  diffusion  coefficient  of  released 
catecholamines  may  be  less  than  the  valtie  In  dilute,  aqueous  solution  (6  x  10* 
*  em*/s,  Gerhardt  et  al.,  1982),  a  value  of  30  mm  wes  used  with  the  electrodes 
adjacent  to  one  another,  and  this  amount  was  Increased  by  7  ms  for  each  micron 
of  separetlon.  If  the  onsets  of  the  spikes  were  not  eeslly  Identified  due  to 
noise  on  the  baseline,  the  difference  In  time  between  the  spike  maxima  were 
used  (Ato,  FIGURE  Sc).  When  At.  was  ttsed  rather  than  Ato,  an  additional  lOX 
of  time  was  allowed,  because  a  spike  becraes  shorter  and  wider  with  an 
Increase  In  dlffusional  distance  resulting  In  an  increased  At.. 
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Th«  a«cond  critarlon  was  that  tha  apika  with  tha  later  onaet  tine  ahould 
be  ahortar  and  wider  than  tha  firat  baeauaa  of  tha  greater  tine  for 
dlff\iaional  broadening  of  tha  catacholaaina  packet.  Exaoplaa  of  apikea  which 
aatiafy  these  criteria  are  sho%m  by  the  overlying  spikes  in  FIGURES  Sc  and  6c. 
Approxiaately  20X  of  the  apikea  %fhich  satisfied  the  first  criterion  based  on 
spike  lag  tisM  failed  to  satisfy  the  second  criterion. 

The  final  criterion  to  satisfy  coincidence  was  that  spikes  plotted  in 
nonalizad  coordinates  (each  apika  nonsalized  with  respect  to  its  own  half¬ 
width  and  sMxiaal  current)  snist  have  the  sane  shape.  An  exaisple  of  a  pair  of 
splkaa  having  the  sasM  norsMlized  shape  is  shown  by  the  overlying  nonulized 
spikes  in  FIGURE  6d.  A  susaary  of  the  experisMntal  results  is  given  in  Table 
1.  A  significant  nuaber  of  coincident  spikes  is  only  jn  with  no  spacing  or 
a  gap  of  2  /oi  between  the  electrodes. 

Confoeai  Kteroseopy.  The  heterogeneity  of  release  sites  was  also 
investigated  with  confocal  aieroscopy  following  imunocytocheaistry  and 
fluorescence  labelling.  An  unstiaulated  cell  is  shown  in  Figure  7a  which 
exhibited  no  apparent  release  sites  in  any  of  the  iaages.  A  quite  different 
appearance  is  seen  froa  a  cell  etiaulated  with  Ba^  for  9  ainutes  (Figure  7b 
and  7c).  The  presence  of  0^  is  revealed  as  0.3-0. 6  in  diaaeter  spots  on  the 
surface  of  the  cell  when  viewed  at  its  upper  surface  or  in  cross  section.  The 
iaage  in  Figure  7B  shows  aany  release  sites  because  of  the  large  area  of 
surface  aeabrane  vleualized.  Punctate  was  apparent  at  the  cell  surface 
in  all  iaages  of  the  z-axis  series.  The  iaages  in  Figure  7b  and  c  are  typical 
of  iaages  obtained  froa  nine  cells.  All  showed  siailar  punctate  appearance  of 
surface  D/m  with  soae  cells  showing  a  greater  or  lesser  frequency  of  ptinctate 
HfiUk  sites  across  the  cell  surface. 
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OISCUSSIOI 


Th«  rasulta  shown  in  this  pspsr  rsvssl,  by  two  Indspondsnt  technlquss, 
tho  prosonco  of  sonos  on  tho  surfsco  of  eulturod  bovino  sdronsl  nodullary 
colls  whsro  oxocytosls  doss  not  occur.  Initially ,  wa  daaonstrata  that  the 
localization  of  axocytotic  sitas  can  be  ravaalad  with  tha  usa  of  aicron- sized 
alactrodas,  a  sensor  which  provides  a  real  tiaa  view  of  axocytosis. 
Additionally,  tha  usa  of  D0H  iaaunocytochaaistry  with  confoeal  aicro' 
ravaals  regions  of  tha  cellular  aaabrana  where  axocytosis  does  not  occ 
This  second  technique  provides  an  integrated  view  of  axocytosis  since  it  is 
baaed  on  the  quantity  of  an  exocytosed  aaterial  which  accuaulates  on  the 
surface  during  the  interval  of  exposure  to  a  secretagogus . 

Studies  using  these  two  higih  resolution  techniques  have  resulted  in 
significant  now  insights  into  the  process  of  axocytosis.  First,  we 
dMonstrste  that  release  sites  are  localised  in  clusters  on  these  endocrine 
cells  in  culture.  Although  this  has  long  been  assuaed  to  be  tho  case  In  vivo, 
our  aaperoaetric  results  provide  the  first  quantitative  experiaental  data  to 
daaonstrata  and  verify  this  belief  for  cultured  cells.  Second,  wo  deaonstrate 
that  these  sites  are  spatially  iaaobilized  with  respect  to  the  cellular 
aeabrane  on  a  tiae  scale  of  15  ainutes.  Vhen  collared  to  the  aillisecond-tiae 
scale  for  axocytosis,  this  prolonged  heterogenei^  shows  that  tho  cos^nents 
or  structures  responsible  for  localized  release  aust  be  stably  and  intiaately 
associated  with  release  sites.  Third,  we  show  through  spatial  localization  of 
the  release  sites  and  quantitative  analysis  of  the  spike  shape  that 
catecholaaine  release  froa  the  cell  surface  after  fusion  of  the  granule 
aeabrane  is  liaited  by  a  process  other  than  diffusion.  This  concept  is  new, 
and  should  instigate  new  lines  of  thinking  and  research  concerning  tho  process 
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of  oxocycosia.  Thaaa  raaulca  ara  dlacuaaad  individually  In  cha  following 
pdragrapha . 

Tha  uaa  of  sicron'ilzad  alactrodas  ravaalt  that  at  soom  calls  tha  altos 
of  axocytoala  ara  not  unlfomly  dlatrlbutad  across  tha  call  surfaca.  Tha 
ralaasa  zonaa  ara  found  at  dlffarant  locations  on  tha  call  surfaca  and  vary 
frox  call  to  call.  Tha  altas  of  ralaasa  appaar  to  ba  stationary  on  a  tins 
seals  of  savoral  xlnutas.  Thus,  an  alactrodo  can  ba  novsd  from  a  slta  with  no 
ralaasa  activity  to  a  ralaasa  zona,  ra^imad  at  a  latar  tins,  and  tha  lack  of 
ralaasa  Is  still  obsarvad.  Zonas  which  ara  Inactive  with  raspact  to  ralaasa 
wars  charactarlzad  by  a  lack  of  spikas  (or  a  vary  low  fraquancy  occurranca) 
upon  atlxulatlon.  Tha  prasanea  of  largo  aaplltuda  spikas  saan  In  soma  of  tha 
tracas  Indleata  that  tha  ralaasa  avants  ara  loeatad  dlractly  banaath  tha 
alactroda  surfaca,  wharaas  saall  spikas  Indleata  that  tha  location  of 
axoeytosls  Is  at  a  xora  raxota  location.  Tha  prasanea  of  aetlva  and  Inactive 
zonas  of  ralaasa  appaars  to  ba  Indapandant  of  tha  sacratagogua  axployad. 
Exparixants  axploylng  1(X)  pM  nlcotlna,  2  xM  Ba***,  and  60  xK  (data  not 
shown)  all  display  avldanca  of  localizations  of  ralaasa  zonas. 

Caxbon-flbar  alactrodas  of  largar  dlxanslons  (6-fm  radius)  hava  baan 
usad  In  xost  prior  studios  of  axoeytosls  at  Individual  adrenal  xadullary 
calls.  Bacausa  thalr  physical  dlxanslons  ara  slxllar  to  those  of  the  calls 
(8*10  px  radius),  tha  largar  alactrodas  do  not  hava  tha  spatial  resolution 
required  to  datact  tha  prasanea  of  active  and  Inactive  ralaasa  zonas  on  tha 
call  surface.  In  contrast,  tha  dlxanslons  of  tha  flaxa- etched  electrodes  usad 
In  this  work  (ml-jm  radius)  provide  tha  ability  to  xonltor  xuch  sxallor  areas 
of  tha  coll  surface.  Tha  Increased  spatial  resolution  thus  allows  tha  first 
opportunity  to  observe  tha  localization  of  ralaasa  zonaa  on  the  call  surfaca 
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with  npwroMtrlc  •l«ctro<l«s. 

Th«  d«t«ccion  of  tho  saao  oxocyeotlc  ovent  with  two  different  electrodes 
has  enabled  the  spatial  resolution  of  the  asperoBetrlc  electrodes  to  be 
defined.  When  the  electrodes  are  adjacent,  so  that  the  thickness  of  the 
insulation  detenslnes  the  gap  between  the  electrode,  a  significant  fraction 
(22X)  of  the  spikes  detected  by  either  electrode  were  coincident.  The  nuober 
of  coincident  spikes  detected  by  either  electrode  draaatically  decreases  when 
the  electrodes  are  further  apart.  The  experiaent  can  be  geonetrically 
approxiaated  with  two  circular  disks  (the  electrode  surfaces)  surrounded  by  1 
im  of  insulation  (FIGURE  4b,  c) .  The  overlapping  saapling  area  (A)  can  be 
shown  to  be: 

a 

A  ■  4  X  j*  dx  (2) 


where  R  is  the  radius  of  the  circle  which  defines  the  sampling  region  for  a 
single  electrode  (to  be  deterained)  and  r.  is  the  sua  of  the  radius  of  the 
carbon  surface,  the  insulation  thickness,  and  one -half  of  the  separation 
distance  between  the  electrodes.  If  it  is  assumed  that  there  is  an  equal 
probabiliQr  of  exocytosis  anywhere  in  the  region  given  by  xR*  on  the  cell 
sitrfaee,  then  the  fraction  of  coincident  spikes  detected  by  an  electrode  (P) 
is: 


P  - 


A 

*  A* 


(3) 


Solving  equation  2  yields: 
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(4) 


%  R*  ~  2  tg  ^  R*  -  Zg  -  2  /e*  sin*^  (-~) 


Muacrleal  avaluatlon  of  R  vlch  th«  oMaaurod  values  of  P  shows  chat  an 
electrode  can  saaple  froa  a  region  approxlaacely  1.5  to  2  pa  beyond  ics 
projected  circumference  on  the  cell  surface  (FIGURE  4b,  4c).  Thus,  the 
experloental  results  are  consistent  with  the  geometrical  expectations,  and  the 
spatial  resolution  Is  defined. 

Since  the  spikes  must  originate  from  a  region  of  the  cell  surface 
beneath  the  electrode,  an  estimate  can  be  made  of  the  separation  between 
release  sites  on  the  cell  membrane.  In  cells  with  localized  release,  the 
sites  must  be  at  least  2  pm  apart.  This  estimate  Is  similar  to  that  seen  with 
the  fluorescent  confocal  microscopy.  The  latter  results  demonstrate  the 
feasibility  of  resolving  and  analyzing  release  sites  visualized  by  D/m 
Immunocytochemlstry.  The  protocol  detects  only  exposed  to  the 
extracellular  medium  because  Incubation  with  the  primary  antibody  precedes 
fixation. 

Evaluation  of  the  spatial  resolution  of  the  amperometric  probes  also 
enables  temporal  characteristics  of  the  spikes  to  be  evaluated.  Previously  we 
have  attempted  to  describe  the  exocytotic  events  as  instantaneous  point 
sources  of  catecholamine  packets  on  the  cell  surface  which  are  transported  to 
the  electrode  by  diffusion  (Schroeder  et  al.,  1992).  However,  evaluation  of 
the  data  in  this  way  requires  a  knowledge  of  the  range  of  distances  that  the 
concentration  packet  must  travel.  Since  this  st\><ty  shows  that  spikes  must 
originate  within  2  pm  of  the  electrode  surface,  the  diffusion  based  model 
predicts  that  the  maximum  half 'Width  should  bo  less  than  10  as  when  the 


18 


•l«etro4«s  «r«  placed  1  im  froa  tha  call  aurfaca  and  tha  valua  of  tha  solution 
diffusion  eoaffieiant  is  aaployad.  Expariaantally,  nora  than  50Z  of  tha 
spikas  dbsarvad  with  a  l-pn  radius  alactroda  hava  half-widths  graatar  than  20 
aui  (Jankowski,  at  al.,  1993).  Thus,  ralaasa  at  tha  call  siurfscs  oust  not  ba 
instantanaoua  and/or  transport  of  tha  catacholanina  packats  to  tha  alactroda 
■ust  ba  govamad  by  a  nueh  slowar  rata  of  diffusion.  Concurrant  appaaranca  of 
aultipla  spikas  (conpound  axoeytosis)  could  load  to  a  broadanad  naasuranant . 
Howavar,  our  prior  work  indieatas  that  aaeh  spika  is  tha  dataction  of  tha 
contant  of  a  singla  vasicla  (Vightaan,  at  al.,  1991).  Thus  it  appaars  nora 
likaly  that  tha  dissociation  of  tha  vasicla  contants  prior  to  ralaasa  occurs 
ovar  a  finita  pariod  of  tina  as  concludad  praviously  (Jankowski,  at  al. , 

1993) , 
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TABU  I.  IfualMr  of  colncldont  spikos  ■oaturod  at  bovlna  adrenal 
■adullary  ealla  aa  a  function  of  aaparation  batvaan  tha  tipa  of  tha 
aaparoaatrle  alaetrodaa.  Calla  vara  atlaulatad  by  praaaura  a j action  of  100 
nicotina  for  3  a.  Two  alaetrodaa  wara  placed  at  tha  top  of  tha  call.  1  im 
from  tha  call  aurfaca  with  a  varying  gap  diatanca  (d)  batwaan  than  (aaa  FIGURE 
3a).  Blactrodaa  "A"  and  "B*  had  radii  of  2.6  and  1.1  im,  raapaccivaly .  Only 
calla  which  did  not  exhibit  localized  releaaa  phenoiaena  were  uaed  in  thia 
Data  were  filtered  at  400  Hz.  The  data  preaentad  here  are  froa  a 
aingle  call,  however  aiailar  behavior  waa  obaerved  at  13  other  cella. 


Gap  diatanca 

0  fim 

2  ym 

4  ym 

6  ym 

8ya 

Coincident 

Spikaa 

so 

10 

6 

2 

3 

Total  Spikaa 
electro^  "A" 

242 

111 

127 

80 

53 

Total  Spikaa 
electro^  "B* 

219 

130 

109 

64 

60 

Average  # 

Spikaa  at 
•A"  and  "B" 

230.5 

120.5 

118 

144 

56.5 

Percent 

Coincident 

21.7* 

8.3* 

5.1* 

‘  2.8* 

5.3* 

Spikaa 
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FIGURE  LEGEHD8 


FI6U1I  1.  SlauItaiMous  aap«roa«trlc  MAsurMMntt  wich  flaa«-«tch«d 
•l«ccrod«ft  radius),  positlonad  1  im  from  the  surface  of  individual 

bovine  adrenal  aedullary  cells.  The  breaks  in  the  traces  indicate  the  tines 
when  one  of  the  electrodes  was  repositioned.  The  arrows  below  the  traces 
indicate  5-s  stioulationa  with  2  oH  Ba^.  Traces  ”A”  and  ”B”  correspond  to 
the  currents  froa  the  respective  electrodes  shown  in  the  lower  diagraots.  The 
diagrams  show  a  top  view  of  the  placesMnt  of  the  electrodes  at  the  cell 
surface.  Solid  ellipses  in  the  diagrasM  represent  the  active  carbon  surface 
of  the  Bicroelectrodes. 

flGUEl  2.  Siaultaneous  aaperoaetrie  BeasureMnts  as  in  Figtire  1  but  at 
a  different  cell. 

FIOUBE  3.  SisRiltaneoua  aaperoaatric  ■easuraaents  with  flaae>etched 
elecCrodea  (el*pa  radius),  poslCloiMd  1  im  froa  the  surface  of  individual 
bovine  adrenal  aadullary  cells  (different  electrodes  than  presented  in  FIGURES 
1  and  2).  The  breaks  in  the  traces  indicate  the  times  when  one  of  the 
electrodes  was  repositioned.  The  errows  below  the  traces  indicate  S-s 
stiaulations  with  100  §M  Nicotine.  Other  conditions  as  is  FIGURE  1. 

FIOURB  4.  A)  SchMstic  representation  of  two  flaae*  etched  electrodes 
positioned  at  a  bovine  adrenal  aadullary  cell  for  experiaents  involving  the 
change  in  the  maber  of  coincident  spikes  with  a  changing  gap  distance  (d) 
between  Che  electrodes.  B)  and  C)  Concentric  circle  representation  of  a  cop 
view  of  the  overlapping  sampling  regions  of  the  two  electrodes  with  gap 
distances  (d)  of  0  and  2  im  respectively,  for  B)  and  C).  Darkest  inner  circle 
represents  the  active  carbon  surface  of  radius  r.  Next  darkest  circle 
represents  the  insulation  around  the  electrodes.  Dashed  circle  represents  the 


•xparlMntally  dettniined  sainpllng  region  of  the  electrode  with  radius  R.  The 
overlapping  area  between  the  two  dashed  circles  represents  the  area  where  the 
coincident  spikes  were  originating. 

FIGDXE  S.  Slaniltaneous  anperometrlc  current  traces  aeasured  with 
flaae-etched  electrodes  («2.S*/Mi  radius),  positioned  1-pa  froa  the  surface  of 
an  adrenal  aedullary  cell.  The  spacing  between  the  two  electrode  was 
approxlaately  0  pa.  Trace  "A*  corresponds  to  the  current  detected  by 
electrode  "A*.  Trace  ”B"  corresponds  to  the  current  detected  by  electrode 
”B”.  The  spikes  in  trees  *A”  and  trace  *B”  indicated  by  the  asterisks  are 
superiaposed  in  trace  "C*.  At,  is  the  difference  between  the  onsets  of  the 
two  spikes.  AC^  is  the  difference  between  the  peak  aaxiaa  of  the  two  spikes. 

FIGOU  6.  Siaultaneous  aaperoaetric  current  traces  aeasured  with 
electrodes  (•>2.S>pa  radixjs)  positioned  1  pa  froa  the  surface  of  an  adrenal 
aedullary  cell.  The  spacing  between  the  two  electrode  was  approxlaately  0  pa. 
Traces  A  and  B  correspond  to  the  currents  detected  by  electrodes  ”A”  and  "B". 
respectively.  C:  The  spikes  aarked  by  the  asterisks  in  traces  A  and  B 
superiaposed.  D:  The  seas  spikes  as  in  C  plotted  with  their  axis  nomalized 
to  their  respective  width  at  half  height  and  aaxiaal  current. 

FIGUU  7.  Results  froa  fluorescent  confocel  aicroscopy  after  Dfitt 
iaaunocytocheaistry.  A:  Results  froa  an  unstiaulated  cell.  B.C:  2  of  7 
iaages  perpendicular  to  the  Z-axls  of  a  cell  stlaulated  with  Ba’^.  Panel  B 
shows  the  top>aosC  iaage  that  deaonstrated  when  the  plane  of  focus  was 
lowered  froa  above  the  cell.  It  represents  en  iaage  of  the  top  surface  of  the 
cell.  Because  the  Z-axis  resolution  was  approxlaately  0.7  pa,  the  cell 
surface  is  not  necessarily  exactly  parallel  to  the  XT  plane.  Panel  C  is  an 
iaage  1.5  pa  deeper  into  the  cell.  It  deaonstrates  punctate  in  the 


periphery  whare  th«  section  crosses  the  plesme  BMid>rene.  Punctete  was 
epperent  in  ell  sections  of  the  cell.  The  box  In  penel  B  hes  dloenslons  of 
2.6  X  1.1  itm. 
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